In the past decade researchers have reported increasingly comprehensive cDNA libraries of genes associated with floral senescence in floral crops. Analysis of the function of these genes in flower senescence has depended on the slow process of stable transformation and regeneration of the plants. We have adopted an alternative strategy, using virus-induced gene silencing (VIGS) to evaluate the effects on flower senescence of silencing senescence-associated gene. Using purple flowered petunia as our test organism, we infect with a construct where the RNA2 of tobacco rattle virus (TRV) is modified by insertion of chalcone synthase (CHS, a key enzyme in anthocyanin biosynthesis). When virus infection occurs, the plant's silencing mechanism silences CHS, resulting in white sectors or flowers. Infection with TRV containing a tandem construct of phytoene desaturase (PDS) and CHS resulted in characteristic photobleaching of leaves (due to impaired carotene synthesis), and white patterns on the flowers. Transcripts of CHS and PDS were reduced both in leaves and in flowers confirming simultaneous silencing of both genes by the tandem construct. We tested the effects of infection with TRV containing CHS and a fragment of a petunia gene encoding for 1-aminocyclopropane-1-carboxylate oxidase (ACO). Whether the flowers were treated with ACC or pollinated, the white (silenced) sectors produced less ethylene and senesced later than the purple sectors. These results indicate the value of VIGS with tandem constructs containing CHS as reporter and a target gene as a tool for examining the function of genes isolated from senescing floral tissues.
INTRODUCTION
In recent years, whole genome studies and gene sequencing from a wide variety of plant species have produced a massive amount of sequence information. A major issue for plant biologists is how to convert this sequence information into functional and biological understanding. Methods such as dsRNA-mediated suppression have been developed (Waterhouse et al., 1998) , but this post transcriptional gene silencing (PTGS) approach requires generation of inverted-repeat constructs and stable transformation.
Virus-induced gene silencing (VIGS) offers an attractively quick method for loss of function assay that may reveal the mature phenotype of embryo-lethal sequences and avoids the need for time-consuming (and sometimes problematic) processes of transformation and regeneration (Baulcombe, 1999; Ratcliff et al., 2001) . VIGS is a plant defense mechanism that limits the severity of virus infection (Baulcombe, 1999) by a process similar to PTGS (Chicas and Macino, 2001 ). There are several advantages to VIGS over gene-silencing methods involving transgenic plants expressing inverted-repeat constructs. The constructs can easily be generated by directly cloning into the virus vector without involving any inverted repeats. The VIGS phenotype can be observed in a relatively short time after inoculation. More importantly, it can avoid the lethality due to its conditional nature.
We sought to use the tobacco rattle virus (TRV)-based VIGS system for studies in flower senescence. We hypothesized that CHS would be an ideal visible marker for gene silencing in floral tissues, and that tandem constructs of CHS and test sequences would enable us to quickly test the function of genes that have been isolated from senescing petals. In this paper, we describe the use of such tandem constructs in TRV-based vector for efficient silencing of senescence-associated genes in petunia flowers.
MATERIALS AND METHODS
Petunia (Petunia x hybrida) seeds were obtained from Goldsmith Seeds (Gilroy, CA). Plants were grown in growth chambers under 16 h light/8 h dark cycles with a day/night temperature regime of 25°C/20°C.
Vectors of pTRV1 and pTRV2 were kindly provided by Dr. Dinesh-Kumar, Yale University, and have been described in detail (Liu et al., 2002) . Fragments of the CHS, PDS and ACO genes were PCR-amplified from petunia cDNA, and cloned into pTRV2 to generate pTRV2 PhCHS, pTRV2 PhPDS, pTRV2 CHS/PDS and pTRV2 CHS/ACO, respectively. Virus infection was achieved by Agrobacterium-mediated infection of petunias. The constructs, pTRV1 and pTRV2 or its derivatives were transformed into Agrobacterium strain GV3101 by electroporation. Infection of plants with the transformed Agrobacterium was performed as described by Liu et al. (2002) .
Total RNA was extracted from petunia tissues using TRIzol Reagent (Invitrogen, Carlsbad, CA) and treated with RNase-free DNaes (Promega, Madison, WI) to remove any contaminating genomic DNA. The first strand cDNA was synthesized using total RNA, oligo d(T) primer, random hexamers, and superscript reverse transcriptase (Invitrogen). Transcript abundance was determined using appropriate primers and SYBR green as reporter in an ABI7000 real-time PCR system (ABI, Foster City, CA) using the manufacturer's protocol.
Measurements of ethylene production by floral tissues were carried out as previously described (Pech et al., 1987) .
RESULTS

TRV VIGS Silences Floral Genes in Petunia
Four to five weeks after petunia seedlings were infiltrated with a mixture of Agrobacterium transformed with the pTRV2-PhCHS vector (bearing a fragment of a petunia CHS cDNA) and Agrobacterium transformed with pTRV1, silencing of CHS was observed by the presence of white sectors on the normally-purple corollas. Some of the flowers on the infected plants were completely white (Fig. 1e ).
TRV VIGS Silences Multiple Genes in Petunia
To test whether the TRV VIGS system could silence multiple endogenous genes, petunia seedlings were infiltrated with a mixture of Agrobacterium transformed with the pTRV2-PhPDS/CHS vector (bearing both PDS and CHS cDNA fragments) and Agrobacterium transformed with pTRV1 and with appropriate controls. Fourteen days after infection, the photo-bleaching PDS phenotype was observed in the leaves of TRV PhPDS and TRV PhPDS/CHS infected plants (Fig. 1a, c) but not in TRV PhCHS infected (Fig. 1b) nor in un-inoculated control plants (not shown). Four weeks after infection, the flowers of TRV PhPDS/CHS infected as well as TRV PhCHS infected plants showed loss of anthocyanin pigmentation phenotype ( Fig. 1 e, f) but the flowers of TRV PhPDS infected plants (Fig. 1d ) remained as purple as those of control plants. Furthermore, white flowers of TRV PhPDS/CHS infected plants were subtended by branches showing the photo-bleaching phenotype, while purple flowers in the same plants were subtended by normal green branches (Fig. 1f) . Real-time quantitative RT-PCR was used to measure the observed changes in transcript abundance in corollas. CHS and PDS gene expression were both much reduced (to 4.5% and 0.5%, respectively) in white flowers from plants infected with TRV PhPDS/CHS (Table 1A) . Expression levels of both genes in the purple flowers of the infected plants were close to those in control flowers.
Silencing of ACC Oxidase (ACO) Delays Senescence of Sectored Petunia Flowers
A 447 bp petunia ACC oxidase-4 fragment (ACO4) was cloned from petunia cDNA into a pTRV2-PhCHS vector to test simultaneous silencing of ACO and CHS. Differences in the senescence response to pollination were observed in white and purple sectors of the same flower (Fig. 2) , and these differences were mirrored by differences in ACC oxidase activity in the different sectors (data not shown). Ethylene production in response to applied ACC was reduced 2-3 fold in the white flowers of TRV PhCHS/ACO infected plants (Fig. 3) . ACC-dependent ethylene production by purple flowers of TRV PhCHS/ACO infected plants was also lower than that of the controls but considerably higher than that of the white flowers (Fig. 3) . Quantitative RT-PCR demonstrated that the abundance of transcripts encoding ACO1 and ACO4 was substantially reduced (to 23 and 5% of the controls, respectively) in the infected flowers (Table 1B) .
DISCUSSION
Postharvest horticulture stands to benefit considerably from the application of genomics to horticultural crops. Previous demonstrations of gene down-regulation using the VIGS system have largely been in model systems (particularly Nicotiana benthamiana).
The results presented here demonstrate the effectiveness of this technique in a standard horticultural crop, petunia, and highlight the opportunity for high-throughput functional analysis of genes in horticultural crops. In petunia, vegetative phenotypes were observed within a week, and floral phenotypes within three weeks. Systemic viral movement typically results in a mosaic pattern of infection (Reid and Matthews, 1966) . Knowing where VIGS-mediated gene silencing takes place is crucial for studying floral senescence since silencing of target genes may not result in an immediately visible phenotype.
The key to our planned strategy for examining the role of unknown genes in flower senescence is the possibility that we can silence multiple genes by placing fragments of each within the same viral construct. Firstly, this will allow silencing of a unknown gene to be linked to silencing of a gene (like CHS) with a visible phenotype (Turnage et al., 2002) . Secondly, it will enable us to test the effect of coordinate loss of function assay of two or more target genes. To test this concept, we infected petunia plants with a TRV PDS/CHS construct. The results we obtained were as predicted by Turnage et al. (2002) . RT-PCR analysis demonstrated that CHS was silenced in leaves showing photo-bleaching (the phenotype for PDS loss of function), and that PDS was silenced in white petal sectors (the phenotype for CHS loss of function), clear proof that the TRV VIGS system results in silencing of multiple genes (Fig. 1, Table 1B ).
We finally demonstrated proof of the concept that VIGS could be used to evaluate the role of genes during floral senescence by combining an ACO fragment and the CHS reporter. In petunia, ACC oxidase is encoded by a small gene family consisting of 4 members with 80% similarity in the DNA sequence level (Tang et al., 1993) . White sectors of flowers infected with the TRV CHS/ACO vector lasted longer, were less responsive to pollination, and showed reduced ethylene synthesis in response to applied ACC than purple sectors. Quantitative RT-PCR analysis demonstrated a reduction in the abundance not only of the homologous sequence (ACO4), but also the highly similar ACO1 sequence. The reduced effect of stimulators of senescence (ACC and pollination) in the infected tissues presumably reflects a general down-regulation in the abundance of ACO.
Previous research has suggested that diffusion of ethylene through the intercellular space may be the means by which pollination of the stigma results in rapid corolla senescence (Woltering, 1996) . Since we observed that contiguous control and silenced sectors in the CHS/ACO infected plants showed very different responses to pollination and to applied ACC (Fig. 2) , it appears that the response to these stimuli is a cell-specific phenomenon, probably not related to the diffusion of ethylene throughout the intercellular spaces of the flower. 
